We have studied the effects of density fluctuations on supernova neutrinos for a 2ν system from a future galactic supernova. A wide range of density fluctuation levels have been considered and it has been shown that for the most recent neutrino parameter space constraints, density fluctuations would affect the neutrino survival prbability and the expected neutrino flux. Possible implications of the changes in the flux due to density fluctuations are discussed.
Introduction
Neutrino phenomenology is one of the most important areas of astroparticle physics. Neutrinos are produced and emitted in abundance by a number of astrophysical phenomena, some of which include supernova explosions, gamma-ray bursts, neutron star interiors etc.
Neutrinos play important roles in each of these phenomena and a complete understanding of them requires a knowledge of neutrino physics.
Over the past few years, neutrino physics has progressed a great deal as a result of findings from a number of revolutionary experiments. Amongst these, the most significant is the discovery of the neutrino oscillation phenomena. Neutrino oscillation is the mechanism by which one type of neutrino can change into another [32] . Neutrino oscillations is now the standard paradigm for doing neutrino phenomenology for both terrestrial and astrophysical neutrino sources. Oscillations can occur only if neutrinos are massive which require extensions of the standard electroweak model. Oscillation levels depend on the physical properties of neutrinos and are usually quantified in terms of the mass difference squared values of the energy eigenstates of neutrinos and their vacuum mixing angles (∆m 2 , sin 2 θ v ). Assuming three generations of neutrinos, recent experiments have severely constrained the possible neutrino parameter space [7] of mass eigenvalues and mixing angles. As a result, one may now contemplate using these constrints to better understand astrophysical phenomena from which neutrinos originate. Alternatively, our knowledge of neutrino properties can be enhanced if we have confirmed models of the sources from which they originate. Recently, Burgess et al. (2003) , have applied some of the recent neutrino oscillations related discoveries to try and understand the origin of density fluctuations in the sun. This paper deals with neutrinos from supernova explosions.
In the recent past, a number of studies have been done on a future galactic supernova explosion and its neutrino signal on earth that take into account neutrino oscillations. Most of these studies are based on computing the neutrino event rates on earth, the characteristics of which can be used to make a number of predictions. Amongst the most significant of such predictions are signatures of neutrino oscillations [29] , evolution of the supernova causing shock waves [25, 30] in stellar cores, possibility of r-process nucleosynthesis ( [9] and reference therein) in neutrino driven winds, discovering the neutrino hierarchy and constraining the neutrino parameter space values [19] , among many others. For a recent review of supernova neutrino phenomenology, see [5, 20] .
Many of the studies mentioned above need to compute the neutrino survival probabilities as they propagate through a stellar medium and the earth's mantle. And to date, almost all such computations for supernova neutrinos have been done using static stellar backgrounds that are usually obtained from 'state of the art' stellar evolution simulations.
Recent simulations indicate that density fluctuations and inhomogeneities of various magnitudes and correlation lengths are likely present at various epochs of stellar evolution and the explosion [11] . Some possibilities include the following. Microscopic fluctuations in nascent neutron stars [14] and large scale fluctuations between the neutron star and the supernova causing shock wave due to hydrodynamic instabilities [15] . At early postcore bounce times, < 1 sec., post-shock convection overturn can produce large density anisotropies. And even global anisotropies of the density distribution around the nascent neutron star with density inhomogeneities of up to two order of magnitudes can occur [11] .
For a discussion on the significance of density fluctuations on core collapse supernovae, see [1] . In light of these possibilities it is clear that inhomogeneities and density fluctuations could be important in stellar evolution mechanisms. And such fluctuations could also affect neutrino survival probabilities. Although density fluctuation effects have been studied extensively for solar neutrinos (see [3] , and references therein.), relatively few studies have been done for supernova neutrinos [18, 24] .
Undertaking a study of density fluctuation effects on supernova neutrinos could have a number of motivation and consequences. As mentioned earlier, the neutrino parameter space have been severely constrained by recent experiments. It would be important to apply the most recent constraints to supernova neutrino related computations such as computing their fluxes with and without fluctation effects. The neutrino fluxes could then be used to compute the neutrino events expected on earth based on which, most neutrino phenomenology is done. Including the effects of density fluctuations in these computations would certailnly affect some of the phenomenoligical studies we have mentioned. Apart from this, another important reason for taking fluctuations into account would be to consider the possibility of distinguishing between various levels of fluctuations that could be prensent in stellar interiors at the various epochs. These could provide better insight into stellar evolution mechanisms. The work presented here can be considerd as taking the first few steps toward the objective of exploring some of the possibilites mentioned above.
Specifically, we present here the effects of density fluctuations on the expected neutrino flux from a future galactic supernova explosion. Neutrino fluxes are usually computed using neutrino survival probabilities in the context of the oscillations scenario. Hence, the effects of density fluctuations on supernova neutrinos are best studied by computing the survival probabilities of neutrinos in the presence of fluctuations using which we compute the time integrated neutrino flux of neutrinos on earth.
This paper is organized as follows: It begins with an overview of the neutrino propagation model used for some of the computations presented in the case of a 2ν system (Sec. 2) by [3] . In Sec. 3 we apply the model from Sec. 2 to the 2ν case and study the effects of density fluctuations on neutrino survival probabilities and the neutrino flux.
Some concluding remarks are given in Sec. 4 with suggested future extensions of this work.
Neutrino Evolution with Fluctuations
There have been several studies on the propagation of neutrinos in a stochastic medium in the context of solar ( [3] , and references therein), supernova neutrinos [18, 24] and long baseline experiments incorporating density fluctuations in the earth's mantle [16] . The present study of density fluctuation effects is based upon the formalism developed by Burgess & Michaud [3] (BM) for computig neutrino survival probabilities for solar neutrinos. A significant aspect of their formalism is its applicability to both short and long correlation length fluctuations. For details of this formalism see, [3] . Provided below is a brief summary of this approach and its application to a 2ν system.
BM have divided the density matrix ρ system of a system of neutrinos and its environment into two main sectors. These are the neutrino flavor density matrix sector, ρ ν , i.e.
the degrees of freedom that are followed, and the density matrix of all other degrees of freedom ρ env , the time evolution of which is not of interest. It is assumed that at any given time, interactions between the neutrino and the environmental sectors do not change the second sector. One may therefore write
The time evolution of ρ ν is computed using the Hamiltonian H = H 0 + V , where H 0 = H ν + H env describes the separate evolution of the neutrino and the environmental sectors, and V describes their mutual interaction. There are two important timescales that govern this time evolution, and considerable simplification happens when they are different.
The first scale, τ p , is defined as the time beyond which perturbation theory in V fails. The second scale, τ c , is the correlation time, defined as the time above which δV (t)δV (t ′ )
becomes negligible (if such a time exists). Here the average, · · · = Tr env (ρ · · · ), is over the environment sector, and δV ≡ V − V is the deviation of the interaction Hamiltonian from the effective interaction, V , which describes the average evolution in the environment sector. In perturbation theory,
then ρ ν satisfies a master equation that can be derived in perturbation theory, and then integrated to obtain its large time behavior, even for t > τ p . To second order in V , it is given by
In the case of a 2ν system Eq. 2.2 above can be applied to a stellar medium. The evolution equation of the neutrino flavor matrix in this case is given by ∂ρ ∂t
where ρ = ρ ν is the neutrino-sector density matrix in flavor space, and
Here k, m, g e and g n are 2 × 2 matrices that represent the momentum, left-handedneutrino mass matrix, and the neutrino charged and neutral current coupling matrices respectively. n e and n n are the electron and neutron fractions of the medium respectively.
In order to integrate this equation it is useful to derive an equivalent form of it in terms of the mass squared difference (∆m 2 ) and the vacuum mixing angles (sin 2θ V ) between the flavors. This is done by expanding all the matrices of Eq. 2.3 in terms of the unit and Pauli matrices {I, τ }. Setting ρ = ρ 0 + ρ and
where
The effects of density fluctuations are contained in the second order interaction potential parameter A(t) which is given by,
The parameters ǫ and l, are the two parameters in the formalism that quantify the fluctuation levels. They can be understood as follows. If one divided the path of neutrinos from stellar interiors outward into cells of various lengths, then ǫ is a measure of the fluctuation level above the average value in each cell and l is the correlation length of the fluctuations.
For detailed discussion of these parameters, see [3] . For the present work it will suffice to consider ǫ 2 l as the parameter with dimension length that is used to quantify the various levels of density fluctuations and correlation lengths.
The other terms in Eq. 2.7 are given by
where ∆m 2 = m 2 h − m 2 ℓ where m h and m l are the higher and the lower energy eigenvalues respectively. θ v is the vacuum mixing angle, for which
for a 2ν system comprising of ν e and ν µ . Maximal mixing between ν e and ν µ occurs when M 3 + b = 0, which is known as the MSW [32] resonance condition. Note that in the absence of density fluctuations, a(t) and the diagonal terms are zero and one has the usual neutrino propagation matrix in a static background. We have used this formalism to study the effects of density fluctuations on supernova neutrinos for the case of a 2ν system. These computations were done using the latest neutrino parameter constraints.
Density fluctuations and Neutrinos (2ν case)
Sec. 2 reviewed and presented the neutrino density matrix evolution equation with fluctuations (Eq. 2.7) derived by BM in a stellar environment. In this section, this formalism is applied to a 2ν system in a supernova explosion. To study the effects of density fluctuations on this system, neutrino survival probabilities were first computed by numerically [21] and the null results from the short-baseline reactor experiment, CHOOZ [4] . For details of each of these experiments the reader is referred to the above mentioned references. Global constraints for a three neutrino (ν e , ν µ , ν τ ) system from the above men- 
For details of how these constraints were derived, see [7] . Although the constraints presented above were derived for a 3ν system, we have also used them in the calculations given below as they are global constraints that are a subset of the constraints for the 2ν case.
Neutrino Survival Probabilities with Fluctuations
It was mentioned above that the 2ν system consists of electron neutrinos and the mu/tau neutrinos. Electron antineutrinos, which are also emitted in supernova explosions is not included in this analysis. This is because, under normal hierarchy (m 1 < m 2 < m 3 ), The electron neutrino energy was set to 11 MeV., the average electron neutrino energy emitted from a 15 M ⊙ supernova explosion [33] .
The results are shown in Fig. 1 . We see that these results are in excellent agreement with the analytical solutions. Note also that the neutrino survival probabilities do not vary significantly with respect to the mass difference (∆m 2 21 ) squared values. This will be important later when choosing the appropriate input values for some of the density fluctuation analysis.
Next, density fluctuations were considered. The effects of density fluctuations were studied in several steps. First, some examples of the electron neutrino survival probabilities were computed as a function of distance as they propagated through the stellar environment. These results showed that for a wide range of density fluctuations, the neutrino survival probabilities are indeed affected for the constrained neutrino parameter space values. The effects of density fluctuations on the neutrino survival probability over a wide range of neutrino energies were considered next. Finally, the same calculations were done as a function of vacuum mixing angle from Eq. 3.2.
Electron neutrino survival probabilities were considered again as they propagated through the stellar interior at different fluctuation levels. The parameters ∆m 2 21 , sin 2 θ 12 and E ν were kept fixed for each set of computations presented below. The variation of the mass difference squared (∆m 2 21 ) parameter was neglected since the survival probabilities do not change much over its allowed range (see Fig. 1 ). The neutrino energy was fixed at E ν = 11 MeV, its average value in a supernova. Fluctuation levels ranging from ǫ 2 l = .0001 cm to ǫ 2 l = 10 6 cm were considered for the effects of density fluctuations. Neutrino survival probabilities were computed for three values of the vacuum mixing angle corresponding to the extrema and the central values in Eq. 3.2. The results are shown in Fig. 2 ., from which the following can be noted. First, density fluctuations do indeed affect the neutrino survival probabilities. It is also noted that for high vacuum mixing angles, density fluctuations do not affect the survival probability, whereas at low vacuum mixing angles, the effects are more severe. In all cases, the survival probabilities asymptotically approach a value of 0.5.
The effects of density fluctuations on the neutrino survival probabilities as a function of neutrino energy were considered next. Supernova neutrinos are typically described by the Fermi-Dirac distribution, hence neutrinos of various energies are emitted from an explosion. The neutrino energy is also one of the factors that determine the MSW resonance condition. Therefore it is important to consider the effects of density fluctuations on the neutrino survival probability as a function of the neutrino energy.
Supernova neutrinos are typically ∼ MeV. Hence for the calculations below, electron neutrino energies from E ν = 1.0 MeV., to E ν = 50.0 MeV., were considered. The vacuum mixing angles were set to their possible extrema and central values (Eq. 3.2) while the ∆m 2 21 was set to 7.92 × 10 −5 eV 2 . The results are shown in Fig. 3 , from which the following can be seen. As expected from previous results (Fig. 2) , neutrino conversion probabilities as a function energy are not affected at high vacuum mixing angles and the opposite happens for low mixing angles. At any given energy, the vacuum mixing angle seems to determine the effects of density fluctuations rather than the neutrino energy. As expected from the analysis above, it is noted that density fluctuation effects are more pronounced for low vacuum mixing angles.
From the results presented in this section, it can be said that fluctuations could affect neutrino survival probabilities within the constrained parameter space of the vacuum mixing angles and mass difference squared values. This in turn implies that the expected neutrino flux from a galactic supernova would also be affected. This is computed next.
Neutrino Flux with Density Fluctuations
The time integrated neutrino flux as a function of the neutrino energy is given by
where f να is the energy distribution for a species ν α , D is the distance to the supernova and L is the neutrino luminosity of species ν α . The presence of density fluctuations in a medium would modify the neutrino energy spectra on earth. For a two neutrino system with electron and mu/tau neutrinos, the resulting spectra would be
8)
where f 0 να for α = e, µ, τ are the original neutrino distribution function at the neutrinosphere 1 . For each neutrino species, this can be approximated by a "pinched" FermiDirac distribution. For a species ν α this is given by
where F k is the standard relativistic Fermi integral of order k. Neutrino degeneracy parameter η να = 3 was adopted for all species. The neutrino temperature for each species is related to the average energy and is given by
with η να = 3, average neutrino energies are given by < E νµ,τ >=< E νµ,τ >= 26.9 MeV (3.12)
< E ν e >= 16.0 MeV (3.13)
The average values in Eqns. 3.12-3.14 were used in Eq. 3.8 for our computaitons. For the results presented below, the neutrino luminosities were obtained from [31] . These results were used to compare the effects of neutrino oscillations and density fluctuations on the flux. The results shown in Fig. 5 matches those obtained by [31] . We now present the effects of neutrino oscillations and density fluctuations on the neutrino flux. The following are noteworthy from these figures. Consider the zero fluctuation level neutrino spectra from both figures. We see that compared to the case in which neutrino oscillations are ignored (Fig. 5) , the electron neutrino spectra is significantly depleted and the mu/tau neutrino spectra is enhanced due to MSW effects. However, in the presence of density fluctuations, the electron neutrino spectra is enhanced and the mu/tau spectra is depleted. This confirms the possibility of observing neutrino oscillation effects on earth from a future supernova. Another interesting feature is that the density fluctuation effects in the flux happens over a small range of fluctuations, i.e., fluctuation effects are not noticed above or below a threshold level. This is because the neutrino survival probabilities approach asymptotic values as seen in Fig. 2 .
We also note that for small vacuum mixing angles (Fig. 7) , very low levels of density fluctuations, ǫ 2 l ∼ 0.001 cm, will affect the flux significantly. From Fig. 6 , at sin 2 θ 12 = 0.314, relatively higher level fluctuations, ǫ 2 l = 10 3 cm and above, are required for changes in the spectra.
Summary and Conclusions
The effects of density fluctuations on the expected neutrinos flux from a future galactic supernovae has been studied for a 2ν system. For our computations, the most up to date constraints [7] for the neutrino parameter space were used. A 15 M ⊙ supernova progenitor [33] was also used in this study. Some aspects of the results have already been discussed but a number of points are worth making that have not been mentioned.
For the 2ν system, it was found that depending on the neutrino parameter space values, even microscopic fluctuations could possibly affect the neutrino flux. The effects of density fluctuations were most pronounced for low vacuum mixing angles. It was discovered that density fluctuations enhanced the electron neutrino flux while depleting that of the ν µ/τ .
These results indicate that for certain neutrino parameter space values, neutrino events on earth from a future galactic supernova explosions would indeed be affected by density fluctuations in the stellar medium. A consequence of this would be the following. In Sec.
1 we mentioned a number of neutrino phenomenological studies related to the possibility of nucleosynthesis in the supernova environment, signatures of the supernova shock wave propagation, deciphering the neutrino hierarchy, etc. Most of these studies have been done using a 2ν system as well. Some of the predictions made by them were based on the characteristics of the neutrino events expected on earth from a future galactic supernova explosion. Therefore, in light of the results presented here, a detailed analysis of some of these studies including possible density fluctuations is needed to improve upon or verify some of the conclusions drawn from these studies.
Another important implication of the results presented here relates to the possibility of observing signatures of density fluctuations in the neutrino signal that could be used to test stellar evolution mechanisms and causes of supernova explosions. For the 2ν case (Figs. 3,6,7) , we see that a transition region exists for the effects of density fluctuations, i.e., above or below a certain threshold, the effects of density fluctuations cannot be used to distinguish between the fluctuation levels. This is expected as we see from Figs. 2 and 8 that the neutrino survival/conversion probabilities approach asymptotic values due to adiabaticity [22] .
Some important extensions of the work presented here are now discussed. First, a thorough analysis of fluctuation effects for the 3ν system needs to be done. This is the more general case and could affect some of the conclusions based on the 2ν analysis. This research is now in progress. For computing the flux, effects of the earth's mantle and its density fluctuations should also be taken into account. A time varying supernova shock is more realistic that a static profile that was used in this analysis. Hence, this should also be considered for studying the neutrino flux. Finally, the analysis above was done using a 15 M ⊙ model of [33] . An important extension of this work would be to consider a number of other stellar evolution models and compute the effects of density fluctuations using them.
From the discussions above it is clear that a number of important extensions of this work need to be done. Also, a rich body of interesting effects may be observed for supernova neutrinos when density fluctuations are taken into account. The present work has only taken the first few steps towards a more complete understanding of the effects of density fluctuations on supernova neutrinos. We look forward to continuing this study. 
